Introduction. Royal Jelly (RJ) is a popular bee-derived product used widely in European and Asian traditional medicine. RJ has some pharmacological activities to support health and longevity as well as prevent ageing. Objectives. To evaluate whether a short-term 6-day Royal Jelly administration is able to induce behavioural and neurochemical effects in aged rats. Materials and method. RJ (previously chemically characterized by GC-FID and GC-MS) was given to 18-month-old male Wistar rats (100 and 500mg of powder/kg b.w./day) in subcutaneous injection for 6 days. Spatial memory was assessed in a water maze. Afterwards, the level of neurotransmitters, their metabolites and turnover in the selected brain regions were estimated by HPLC. Results. Short-term RJ administration did not change spatial memory in aged rats in the water maze, although it was sufficiently active to modify most of all the serotonergic and dopaminergic transmission in the prefrontal cortex and hippocampus. Conclusion. The obtained results indicate that Royal Jelly is able to affect very quickly the neurotransmission in the brain structures responsible for cognitive performance; however, short-term administration is not sufficient to exert behavioural consequences.
INTRODUCTION
Royal Jelly (RJ) is a natural product obtained from bees. RJ is a specific substance abundant in nutrients produced in the hypopharyngeal and mandibular glands of worker honeybees (Apis mellifera) to feed the queen bee larva, as well as the adult queen herself. This substance fulfills the criteria of functional foods and its ingredients can specifically affect body functions, building up explicit outcome beyond its nutritional value, such as health maintenance and wellness [1] . RJ has been used for a long time as a dietary supplement in complementary medicine. RJ contains proteins, free amino acids, lipids, carbohydrates, vitamins, minerals and substantial amount of water. It also comprises some bioactive substances, e.g., 10-hydroxy-trans-2-decenoic acid (HDEA), monophosphate (AMP N(1)-oxide), and phenolic compounds such as flavonoids.
RJ has various pharmacological activities, described in preclinical research as anti-oxidant, anti-hypercholesterolemic, anti-hyperglycemic and anti-inflammatory features. RJ is able to affect carbohydrate and lipid metabolism -it ameliorates insulin resistance, decreases plasma levels of insulin and triglycerides, and lowers systolic blood pressure in rats [2] . RJ may finally be effective for the prevention of age-related changes, especially within the brain and blood vessels. The active RJ compound monophosphate may also influence the performance of nervous system cells [3] . Another component of RJ, an unsaturated fatty acid, HDEA, affects the brainderived neurotrophic factor (BDNF) production [4] and neurogenesis in neural stem/progenitor cells [5] . Royal Jelly may also have beneficial influence on learning and memory; it facilitates restoration of the cognitive ability in trimethyltinintoxicated mice [6] and alleviates the adverse effects of intracerebroventricular injection of streptozocin [7] . The adult SD rats in D-galactose sub-acutely aging model [8] , as well as otherwise healthy aged Wistar rats [9] , presented improved memory in the water maze after prolonged oral RJ treatment. Chronic RJ administration could also influence brain neurotransmission, especially through impact on dopamine and serotonin metabolism in the prefrontal cortex of aged animals [9] .
The presented study investigates the effects of a 6-day subcutaneous RJ administration (100 and 500mg of powder/ kg b.w./day) on cognitive abilities in a Morris water maze, and on the neurotransmitter level in the prefrontal cortex, hippocampus, striatum and hypothalamus of old rats. The experiment sought to determine whether short-term administration of RJ is sufficient to change the cognitive performance of old rats, as well as modify neurotransmitter Royal Jelly administration. In the experiment, RJ powder was added to 0.9% NaCl solution (1ml) to form a suspension that was given to the rats in an s.c. injection 1 hour before water maze testing. The animals were randomized and divided into 3 groups: 1) RJ100 -treated with 100mg of powder/kg b.w./day, n=8; 2) RJ500 -500mg of powder/kg b.w./day, n=8; 3) control rats (Con), given the 1ml of 0.9% NaCl solution s.c., n=8. The rats were treated for 6 days during the period of behavioural testing.
High Pressure Liquid Chromatography (HPLC) assessment. Biochemical measurements were carried out 24 hours after the last behavioural trial. The rats were decapitated, their brains immediately removed and dissected out on an ice-cold plate by the method of Glowinski and Iversen [10] , into the following regions: prefrontal cortex, hippocampus, hypothalamus and striatum. The concentrations of monoamines and their metabolites in selected brain regions were estimated. Each tissue was placed in a dry-ice-cooled polypropylene vial, weighed, and stored in a deep freezer at -80 °C until assayed. To precipitate proteins, tissues were homogenized in 1ml of ice-cold 0.1M perchloric acid (HClO4), and centrifuged (13,000g for 15min). The supernatant was filtered (0.2 μm pore size filter; Whatman) and examined for neurotransmitter content. Dopamine (DA; standard substance supplied by RBI), its metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC; RBI); 5-hydroxytryptamine (5-HT; Sigma); 5-hydroxyindolacetic acid (5-HIAA; Sigma); 3,4-dihydroxyphenylethanolamine (NA; Sigma), 3-methoxy-4-hydroxyphenylglycol (MHPG; Sigma) and homovanillic acid (HVA; Sigma) -were measured by high pressure liquid chromatography HPLC with electrochemical detection (L-3500Adetector;Merck) and a glassy carbon-working electrode. The electrochemical potential was set at 0.8V with respect to a silver/silver chloride (Ag/AgCl) reference electrode. The mobile phase comprised 58mM sodium phosphate (Sigma), 31mM citric acid (Sigma), 1mM octane sulfonic acid (Aldrich), and 27 μM ethylenediaminetetraacetic acid (EDTA;Sigma) in deionized, distilled (18.3mΩ) ultrapure water containing 1% acetonitrile (Merck) and 12% methanol (Merck). Monoamines were separated on a C-18 column (250mm_4 mm, reverse phase, Nucleosil,5 μm particle size; Macherey-Nagel, Germany) and the mobile phase flow rate was maintained at 0.8 ml/min. Samples were quantified by comparison with standard solutions (external calibration) and concentrations calculated with Eurochrom 2000 software (Knauer, Germany). Contents of neurotransmitters and metabolites were expressed as ng/ml of the homogenates. The final amount of monoamines in the tissue sample was expressed as ng/g of wet tissue.
Behavioural test -water maze test assessing spatial memory. The animals were tested in a modified version of the Morris water maze test in the same algorithm as in [9] that comprised both cued and non-cued trials.
The experiment was performed during the light phase of the cycle (between 08.00-16.00h). First, the animals were trained to find a hidden platform in a swimming pool (a white platform, circular, diameter -140cm, depth -50cm) that was filled to a height of 30cm above the base with water at a temperature of 23 °C. The pool was divided into 4 quadrants, arbitrarily designated as Northeast (NE), Northwest (NW), Southeast (SE) and Southwest (SW). A submerged plexiglass platform (10cm x10cm) was hidden 1cm below the water surface and placed at a constant location in the center of the SE quadrant. During acquisition of the spatial navigation task, all groups were given one session of 4 trials each day (day1 -4; trial 1 -16) divided by a 60s inter-trial interval. Each trial was started by placing a rat with its face toward the wall of the pool at one of 3 start points. The start location was varied in each training trial and changed each day. The trial was terminated when the animal entered the platform. If not achieved, then after 60s of swimming it was placed on the platform by the experimenter for 15s. Spatial memory was evaluated in the probe trial, on 5 th day (trial 17). The platform was removed and animals allowed to swim for 60s. The visible platform test was carried out on the 6 th day. The animals had to find the well-signed platform placed 1cm over the water surface in 4 trials from different starting points to the cued target.
Data from the water maze (latencies to locate the platform, distance travelled, swimming speed, number of crossings in the target area, and time spent in the goal quadrant) were registered by a collecting system and analyzed by Chromotrack software (Chromotrack, San Diego Instruments, USA).
Statistical analysis. Statistical analysis was carried out using Statistica v.10 software (Statsoft, PL). All the results were presented as mean values ± SE. The following statistical tests were used: two-way repeated measures ANOVA (dose x day) -to assess differences during acquisition in the watermaze testing and visible platform test; Kruskal-Wallis and chi 2 tests -to assess differences during memory test and in biochemical examination; Mann -Whitney test -for estimation the differences between groups within particular parameters during memory test and in biochemical tests. All the hypotheses tested used a significance level of 0.05. Probe trial -memory test (day 5, trial 17). The number of crossings over the area of the previous platform position in the SE quadrant was the same among groups (Con: 2.5±0.46; RJ100: 2.5±1.05; RJ500: 2.88±0.64; Kruskal-Wallis test: H (2, 24) =6.47; p<1.03). The animals treated with Royal Jelly (RJ100: 16.64±3.08s, RJ500: 13.44±1.48s) spent the same time in the target quadrant (SE), where the platform was situated during acquisition trials as did the control animals (Con: 14.57±1.02s; H (2, 24) =0.61; p<0.74). There were also no differences among groups in the time spent in other quadrants (SW: H (2, 24) =4.58; p<0.1, NW: H (2, 24) =2.11; p<0.35, NE: H (2, 24) =0.26; p<0.88). The path (Con: 16.96±2.1m; RJ100: 19.74±2.75m; RJ500: 15.17±0.83m; H (2, 24) =2.83; p<0.24) and the swimming speed (Con: 0.28±0.03m/s; RJ100: 0.33±0.05m/s; RJ500: 0.25±0.01 m/s; H (2, 24) =2.84; p<0.24) were the same among groups during the probe trial.
RESULTS

Water
Visible platform test (day 6, trials 18-21).
The values of mean latency (RJ100: 21.87±3.71s; R500: 18.86±3.02s; Con: 21.65±3.17s) (F (2, 21) =0.18, p<0.84) as well as the path (RJ100: 3.65±0.37m; RJ500: 3.4±0.34m; Con: 3.75±0.32m) (F (2, 21) =0.21, p<0.81) and the swimming speed (Con: 0.51±0.04m/s; RJ100: 0.5±0.05m/s; RJ500: 0.46±0.05m/s) (F (2, 21) =0.21, p<0.8) were the same among groups.
Biochemical results -3.2.1. Chemical analysis of the studied sample of RJ. Detailed results of chemical analysis of studied Greek Royal Jelly have previously been presented in [9] . The analyzed sample appeared very rich in fatty acids, 10-hydroxy-2-decenoic acid, 10-hydroxydecanoic acid and sebacic acid, which are the main RJ acids according to the literature data, as well as 8-hydroxyoctanoic acid, 3-hydroxydecanoic acid and 3,10-dihydroxydecanoic acid (Tab. 1).
Monoamine level in selected brain regions. The levels of monoamines and their metabolites, as well as the metabolite DOPAC/DA, HVA/DA, 5-HIAA/5-HT and MHPG/NA ratio values in the prefrontal cortex, hippocampus, hypothalamus and striatum after short-term RJ administering, are collected in Table 2 .
Prefrontal cortex. In the prefrontal cortex, statistically significant differences were noted in the level of serotonin (5-HT: H (2, 23) =14.44, p<0.0007, Kruskal Wallis ANOVA) as well as in its metabolite 5-HIAA (H (2, 23) =16.36, p<0.0003). Both RJ-treated groups of rats had significantly decreased 5-HT and 5-HIAA contents when compared with controls (Tab. 1; Fig. 1.A) . The 5-HIAA/5-HT ratio differed among groups (H (2, 23) =7.57, p<0.02). The metabolite turnover was lower in RJ100 rats vs. Con and RJ500 (Tab. 1; Fig. 1.B ).
There were no differences in other monoamines level in the prefrontal cortex (DA: H (2,23) =1.17; p<0.56, NA: H (2, 23) =2.84; p<0.24), but noradrenaline and dopamine metabolites: MHPG and DOPAC concentration altered within groups (H (2, 23) =8.94; p<0.01 and H (2, 23) =9.76; p<0.008, respectively (Tab.1; Fig. 2.A) ). This did not concern homovanillic acid (H (2, 23) =1.57; p<0.46). The RJ100 group had increased MHPG content in comparison to control rats and to the RJ500 group. DOPAC level was greater in both RJ-administered groups. The DOPAC/DA and also MHPG/NA ratio values changed within groups (H (2, 23) =11.17; p<0.004 and H (2, 23) =10.1; p<0.006, respectively) but not HVA/DA (H (2, 23) =2.1; p<0.35). The dopamine metabolite turnover was higher in RJ100 and RJ500 groups vs. control animals (Tab.1; Fig. 2.B) . The noradrenaline metabolite turnover increased only in RJ100 rats when compared with controls (Tab. 1; Fig. 2 
.C).
Hippocampus. Statistically significant differences in hippocampal monoamine content among the groups of rats were observed in serotonin levels (chi 2 =6.04, p<0.049). Further analysis (post-hoc tests) proved an increase in 5-HT concentration in the R500 group in comparison to control rats (Tab. 1, Fig. 3.A) . There were no differences in 5-HIAA concentrations among rats (H (2, 24) =0.845; p<0.66) but the 5-HIAA/5-HT ratio values were different in examined animals (H (2, 23) =11.84; p<0.003). They were decreased in both RJ100 and RJ500 groups in comparison to Con (Tab. 1; Fig. 3 
.B).
There were also differences among groups in MHPG concentration (H (2, 24) Fig. 4 .A). The metabolite turnover decreased along with the increase in the dose of RJ (Tab.1; Fig. 4 Striatum. In the striatum, alterations in HVA/DA ratio were seen (H (2, 23) =8.14; p<0.017). The dopamine turnover was higher in RJ500 vs. Con and also vs. RJ100 (Tab. 1; Fig. 5 ). There were no differences in the other tested monoamine and metabolite concentrations or metabolite turnover value in the striatum:
DA: H (2, 24) 
DISCUSSION
The presented research examined 6-day Greek Royal Jelly administration impact on the central nervous system functions in naturally aged male rats. The authors' previous experiment on long-term RJ pre-treatment indicated spatial memory improvement in 18-month-old rats. Now, the water maze test showed that the short-term RJ treatment did not significantly influence spatial memory in aged rats. Both the acquisition and spatial navigation were the same in all evaluated groups of animals. All rats in the Visible Platform Test had the same values of latency, path to the target and swimming speed. It is apparent that their motivation, motor and visual abilities did not affect the results of the non-cued trials in the water maze. Despite the fact no changes were observed in spatial behavior, the post-mortem examination revealed that RJ administered for such a short period of time was enough to start some alterations in the brain neurotransmitters content and their metabolism.
It was discovered that RJ significantly influenced serotonin concentration, just like in the case of its longterm administration. In this study, the rats given 100 and 500mg of RJ powder/kg b.w./day had decreased both 5-HT and its metabolite (5-HIAA) concentration in the prefrontal cortex (PF). The serotonin turnover also proved to be diminished. On the other hand, in the hippocampus (HIP) an increase in 5-HT content was observed, followed by a decrease of serotonin turnover in both tested groups of rats versus controls. Serotonergic transmission affects both the learning and memory processes, especially in the brain structures strongly involved in these functions -the prefrontal cortex and hippocampus. The role of serotonin in cognitive functions is considered to be rather intricated. Its effects seem to depend on the behavioural task and its motivational characteristics, engaging particular brain areas for solving the problem.
The hippocampus is mainly involved in formation of the spatial memory estimated in the hidden-platform task of water maze test, whereas the prefrontal cortex is rather concerned in short-term tasks. The improvement of spatial memory is usually related to the increased level of serotonin in the hippocampus [11, 12, 13] and the impairment with its decrease, e.g. [14] ; however, the correlation between 5-HT level in the hippocampus and spatial task performance may be lowered in ageing [15] . Less is known about the role of serotonin in the prefrontal cortex and its influence on working memory. The research results of serotonin impact are elusive -its depletion was linked either with improvement in short-term memory behavioural performance in lesioned rats [16] , or an impairment when the egocentric strategies were used for solving the problem [17] .
Short-term RJ treatment did not change the level of dopamine and noradrenaline, although their metabolism was altered in the prefrontal cortex, hippocampus and striatum. In the PFC, increased DOPAC concentration and dopamine turnover were noted in both the RJ100 and RJ500 groups, as well as the MHPG level and NA turnover in RJ100 rats when compared to the control animals. Such greater values of DOPAC and DOPAC/DA ratio were also seen after chronic RJ administration in the previous study. In the HIP, noradrenaline metabolism was diminished in all tested rats versus controls, but the dopamine one was not affected. The striatum of rats receiving the greater dose of RJ had elevated HVA/DA ratio values. Catecholamines play an important role in cognitive performance. The prefrontal cortex is innervated and modulated by different pathways, especially the afferent fibres from the dopaminergic ventral tegmental area (VTA) and noradrenergic locus coeruleus (LC). Dopamine signaling in the prefrontal cortex is associated with working memory, attention, reward-based learning, and also with memory consolidation [18, 19] . Noradrenaline is implicated in experience-dependent alterations and in attention behaviour [20] . Both too high, pathological or stress-related levels, as well as too low concentrations of dopamine and noradrenaline, are able to affect the working memory and decrease cognitive performance [21, 22, 23] , but the optimal level of catecholamines in PFC improves spatial working memory. The HIP, the same as PFC, receives noradrenaline input from the LC and plays a role in the consolidation of information, and thus memory formation and learning. Raised NA release is able to cause a memory-enhancing effect. It is known that animal behaviour may also be affected by the change of catecholamine turnover, which may reflect the efforts to maintain their previous concentration in the nervous tissue or higher neuronal activity. Murphy et al. [24] described that a greater DA utilisation in PFC considerably disrupted spatial working memory task in rats, but had no influence on the spatial discrimination task that was not PFCdependent. That is a further argument for additional studies to fully characterize the potentially unique behavioural responses after RJ administration. In any case, even mild stress can cause an increase in monoamine metabolism in the prefrontal cortex and in the hippocampus, affecting behavioural performance [25] .
In the presented experiment, all animals, including controls, underwent the same procedures involving drug administration and water maze test, so that their level of stress was the same.
Despite the fact that no modification of spatial memory was observed in the water maze test, the fast alteration in the serotonergic, dopaminergic and noradrenergic neurotransmission indicate the potential influence of the RJ on cognitive performance. Furthermore, the neurochemical results indicate the need for appraisal of the working memory in other behavioural tests. Figure 5 . Effect of short-term 6-day administration of Royal Jelly on the level of dopamine turnover (HVA/DA) in the striatum of aged male Wistar (Con: n=7; RJ100: n=8; RJ500: n=8), ** p<0.01 vs. Con, MW test
